In sample return missions, the reentry velocity of a sample return capsule (SRC) is expected to be approximately 15 km/s; however, the reentry velocity of the Hayabusa SRC was 11.8 km/s. Strong aerodynamic heating caused by a high velocity can damage the capsule during reentry. To overcome this, two designs of high-velocity reentry capsules (HVRCs) were proposed. In one design, a rigid flare was attached to decrease the ballistic coefficient by increasing the front projected area. In the other design, the conventional Hayabusa SRC was used with no modifications. In this study, the aerodynamic heating of the HVRCs and the Hayabusa SRC were analyzed using numerical simulations. Plasma flow in the shock layer at the front of the capsules and expansion flow in the wake region around the capsules were investigated. The profiles of convective and radiative heat fluxes on the surfaces of these capsules were predicted. The heat fluxes at the stagnation points predicted by the present numerical simulation were in good agreement with that of the empirical models. At the strongest aerodynamic heating altitude, the total heat fluxes at the rear of the HVRCs and the Hayabusa SRC were approximately 2% of those in front of the capsules. 
Introduction
Atmospheric reentry is one of the most critical phases in a sample return mission. During atmospheric reentry to Earth from an interplanetary transfer orbit, which is often used in sample return missions, the vehicle reenters at a speed of more than 11 km/s and a very strong shock wave is formed at its front. This high-kinetic-energy gas is transformed into thermal and chemical energy across the shock wave; then, gas heated in the shock layer becomes a plasma via dissociation and ionization reactions. Aerodynamic heating derived from the shock wave can damage the capsule during the reentry phase. Examples of sample return missions at high reentry velocity are Hayabusa [1, 2] by the Japan Aerospace Exploration Agency (JAXA) and Stardust [3, 4] by the National Aeronautics and Space Administration (NASA). Recently, a new mission for Jupiter Trojan asteroid exploration with a solar power sail was proposed by JAXA [5, 6] . Moreover, sample return missions from outer planets and their moons in the solar system have been proposed [7] . Johnston et al. [8] numerically investigated the aerodynamic heating environment around a reentry vehicle with a velocity of 16-22 km/s in the Earth reentry phase. For the Earth return duration of Jupiter Trojan asteroids exploration, a reentry velocity of approximately 15 km/s is expected. Additionally, a reduction in the weight of the thermal protection system (TPS) is required, because a weight limit is imposed on the capsule. In the present study, to address this issue, two conceptual designs of HVRC are proposed, based on the Hayabusa sample return capsule (SRC). One of the concepts involves reducing the aerodynamic heating to the same degree as Hayabusa SRC by adjusting the ballistic coefficient. This is done by attaching a rigid flare to the reentry capsule (HVRC with a rigid flare). The other concept involves using the conventional configuration of Hayabusa SRC without any major modifications (HVRC without rigid flare). Here, the ballistic coefficient, B C , is defined by
where m, C d , and A are the mass, drag coefficient, and characteristic area of the reentry capsule, respectively. Note that in general, as the ballistic coefficient decreases, the aerodynamic heating reduces with the enhancement of the aerodynamic deceleration at higher altitude. The low-ballistic-coefficient flight of the HVRC with rigid flare can reduce aerodynamic heating during atmospheric reentry in spite of the initially high reentry velocity. However, because an increase in size typically coincides with an increase in weight, the requirements for the weight of the capsule, particularly TPS, become restrictive. On the other hand, one advantage of the HVRC without the rigid flare is that we can use the data available such as the aerodynamic characteristics of the capsule obtained during the Hayabusa mission. However, because of the increase in the peak heat flux and the total heat load due to aerodynamic heating during reentry, it is likely that the TPS weight will increase. In either case, it is important to predict accurate aerodynamic heating and feedback in the capsule design and development processes. Analysis of flow fields around the two capsule types is expected to validate the physical and numerical models for high velocity reentry and elucidate the aerodynamic heating environment during reentry at high velocities. The Hayabusa SRC is equipped with a carbon-phenolic ablator on its front and rear heat shields as a TPS. Because the front heat shield of the Hayabusa SRC was exposed to severe convective and radiative heat fluxes due to the strong shock wave, a thick ablator material was required. On the other hand, heat fluxes due to convection and radiation could be reduced on the rear-side heat shield, because plasma flow (heated in the shock layer) was rapidly rarefied with supersonic expansion when inflowing into the wake. This indicates the possibility of a reduction in weight of the TPS at the rear-side of the capsule. Thus, it is important to accurately predict the aerodynamic heating environment and minimize the use of TPS material in the rear heat shield (in addition to reducing that at the front).
To reproduce the aerodynamic heating environment at a reentry velocity of 15 km/s use of high enthalpy facilities, e.g., an arc-heated wind tunnel, a shock tunnel, and a hypersonic wind tunnel, is required; however, their use is difficult and costly. Recently, advancements have been made in the development of high-performance computers and algorithms for numerical simulation. Numerical prediction with computational fluid dynamics (CFD) approaches has become relatively low-cost and is a particularly effective tool at the initial stages of design and development of reentry capsules. The present research objective is to investigate the aerodynamic heating of the HVRC without/with a rigid flare at a reentry velocity of approximately 15 km/s. The aim is also to examine aerodynamic heating over the HVRC with a rigid flare in the low-density environment and over the HVRC without a rigid flare at a higher velocity and a lower altitude. However, there are several details that remain unclear when constructing an analysis model for the HVRCs, because of the very high velocity of reentry. Therefore, to validate the numerical analysis model used here, one additional objective of this research is to predict aerodynamic heating for the Hayabusa SRC.
Reentry Capsules
In this section, assumptions regarding capsule design for aerodynamic heating analysis are made. Then, the configuration and reentry trajectory of the HVRCs are determined based on Hayabusa SRC.
Configuration
The total weight of the Hayabusa SRC was 16.3 kg; the ablator material, which forms the TPS, accounted for 10.3 kg of the total weight. Hayabusa SRC had a diameter of 400 mm. The front nose radius of Hayabusa SRC was 200 mm; the half cone angle at the rear side was 45
• , as shown in Fig. 1 . The drag coefficient of the capsule during atmospheric reentry was set to 1.147. The initial reentry velocity and flight path angle were 11.65 km/s and 12.7
• , respectively. The peak heat flux and total heat load were 15 MW/m 2 and 275 MJ/m 2 , respectively. The maximum deceleration of Hayabusa SRC during reentry was approximately 50 G. We calculate the convective and radiative heat fluxes using empirical formulas, i.e., the Detra-Kemp-Riddell [9] and Tauber-Sutton models [10] , respectively, which are obtained in
where R N , ρ ∞ , V ∞ , h stag , h w , and h w0 are the noise radius, freestream density, freestream velocity, enthalpies at the stagnation point, hot wall, and cold wall, respectively. Here, the model parameter, a, in Eq. (3) is given by
and the function of the velocity f (V ∞ ) is tabulated in Ref. [10] .
In the design of reentry trajectories and configurations of HVRC, a constraint to maintain the same total weight (16.3 kg) and drag coefficient of the Hayabusa SRC is imposed. The reentry trajectory is obtained by solving an equation of motion for a point mass trajectory that considers the drag by the atmosphere and the gravity force exerting the capsule. A standard atmosphere model is used; however, wind is not considered. The initial reentry velocity is fixed at 14.5 km/s for the HVRCs. The flight path angle generally affects both the peak heat flux and the heat load due to aerodynamic heating. The peak heat flux becomes destructively large when the flight path angle becomes too large, whereas the capsule can be insufficiently decelerated when the flight path angle is too small. However, the angle between the two thresholds is arbitrarily selective.
The configuration of the HVRC without a rigid flare is set to be the same as that of Hayabusa SRC. For the HVRC without a rigid flare, the flight path angle is determined such that the maximum deceleration during reentry is the same as that of Hayabusa SRC (50 G). For this case, the flight path angle of the HVRC without a rigid flare becomes 11.5
• . The peak heat flux at the stagnation point and heat load is expected to be approximately 35 MW/m 2 and 680 MJ/m 2 , respectively. This severe heating environment is resolved by increasing the thickness of the ablator. However, this increase causes problems: it increases the TPS weight and decreases the payload capacity for the HVRC without a rigid flare.
The basic configuration of the HVRC with a rigid flare is similar to that of Hayabusa SRC; however, it includes a flare on its capsule edge to increase the frontal projected area, as shown in Fig. 2 . The size is determined based on conditions that the peak heat flux at stagnation and the total heat load during reentry are the same as those of Hayabusa SRC and minimization of the diameter of the capsule, in addition to the above-described constraints. For this case, the frontal projected diameter of the HVRC with the rigid flare is 660 mm and the flight path angle is 11.4
• . The front nose radius is 330 mm. The peak heat flux and total heat load are 15 MW/m 2 and 273 MJ/m 2 , respectively. The design parameters of the considered reentry capsule are summarized in Table 1 . In this table, "case 1," "case 2," and "case 3" correspond to Hayabusa SRC, the HVRC without a rigid flare, and the HVRC with a rigid flare, respectively.
Reentry Trajectory
The reentry trajectories of Hayabusa SRC, the HVRC without a rigid flare, and the HVRC with a rigid flare are shown in Figs. 3(a) , 3(b) , and 3(c), respectively. The figures include profiles of convective and radiative heat fluxes at the stagnation point in front of the capsules during reentry, and the reentry velocity. The velocities of the HVRCs at the initial stage of reentry are set to 14.5 km/s. Because the ballistic coefficient of the HVRC with a rigid flare is lower, the capsule can decelerate at higher altitudes (compared to the reentry case for Hayabusa SRC and the HVRC without a rigid flare). The altitude at which the total heat flux reaches its peak value is approximately 64 km for the HVRC with a rigid flare, whereas the peak altitudes of aerodynamic heating for Hayabusa SRC and the HVRC without a rigid flare are approximately 52 km and 58 km, respectively. For the HVRC with a rigid flare, peak aerodynamic heating occurs in the low density environment at a high altitude. The radiative heat flux of Hayabusa SRC at stagnation is, at most, 20% of the total heat flux.
On the other hand, the radiation values of the other HVRCs become larger than that of the Hayabusa SRC, which implies that prediction of radiation for the HVRCs is more important.
Analysis Model
In this section, the governing equations, physical models, and numerical methods for aerodynamic heating prediction (using CFD) used in this study are briefly described.
Assumptions
In this study, the following assumptions are made. (1) The flow is laminar, axisymmetric, steady, and continuous. (2) The inflow gas is air. The ablator gas (including carbon and hydrogen systems) is not considered. (3) The flow field is in thermochemical non-equilibrium, and the temperature is separated into translational, rotational, vibrational, and electron temperatures. We assume that the electron-excitation energy and electron-energy modes are equilibrated. (4) The scattering of radiation is neglected. (5) The radiation is independent of temporal direction.
Physical Models
The flow field is described by the Navier-Stokes equations with a multi-temperature model, which includes the translational, rotational, vibrational, and electron temperatures. The equations include total mass, momentum, total energy, species mass, vibrational energy, rotational energy, and electron energy conservation. For chemical reactions in high-temperature air, the test gas is assumed to consist of 11 chemical species (N 2 , O 2 , NO, N forward reaction rate coefficients are obtained from Park's work [11] . The backward reaction rate is calculated based on the corresponding equilibrium constants, which are obtained by the curve-fit formula according to Park's work [12] . For the charge-exchange reaction between molecular and charged nitrogen (N 2 + N + ⇀ ↽ N + 2 + N), the parameters reported by Gupta et al. [13] were used.
The transport properties such as viscosity, thermal conductivity, and binary diffusion coefficients of the gas mixture are evaluated using Yos' formula [14] , which is based on the first Chapman-Enskog approximation [15] . The collision cross-sections are taken from a study by Gupta et al. [13] . However, for e-N and e-O pairs, the model by Fertig et al. [16, 17] is used. The diffusion coefficients are expressed using Curtiss and Hirschfelder's formula [18] . Ambipolar diffusion is considered for charged species.
In the internal energy exchange model, the following energy transfers between each pair of internal energy modes are considered: translation-rotation (T-R) [19] , translation-vibration (T-V) [20, 21] , translation-electron (T-e) [22] [23] [24] , rotation-vibration (R-V) [25] , rotationelectron (R-e) [26, 27] , and vibration-electron (V-e) [28, 29] . The energy losses or releases for vibrations and rotations associated with chemical reactions reveal the dissociation energies for heavy-particle-impact reactions. These are given by a non-preferential dissociation model [24] . The electron energy losses/releases due to electron-impact dissociation and ionization are also considered.
Numerical Procedure
The governing equations of the flow field are solved using a finite volume approach; the equation system is transformed into the delta form. All of the flow properties are set at the center of a control volume. The advection fluxes in the Navier-Stokes equations are calculated using the SLAU scheme [30] with the MUSCL interpolation to achieve high accuracy. On the other hand, the viscous fluxes are evaluated using the second-order central difference method. The solution to the system of equations is updated at each time step. Therefore, we employ the lower-upper symmetric Gauss-Seidel (LU-SGS) method coupled with the point-implicit method [31] .
In the strong shock-wave region, the numerical instability of the rotational or the vibrational energy can occur because of a lack of molecules, which is caused by severe dissociation reactions when applying the proposed multi-temperature model. To overcome the stiffness, we introduce the switching model [32] of a two-temperature model, i.e., the heavy particle (T trs =T rot =T vib .) and the electron temperatures T ele , and we introduce a four-temperature model following a degree of mole fraction of molecular species. In the region where the molecular mole fraction is a small value, ε mole , we adopt the two-temperature model instead of the four-temperature model. In this study, we set ε mole to be 10 −3 .
Radiative Heat Flux
Considering a ray emitting a small element at a given position in a one-dimensional coordinate "s", the radiative transport equation in the system can be expressed as
where I λ , κ λ , and B λ represent the radiation intensity, absorption coefficient, and blackbody function at a given wavelength λ, respectively. In the proposed simulations, we adopt the Boltzmann distribution to determine the population level of the electronic state. The absorption coefficient κ λ includes the induced emission component. θ is the angle between the ray and the coordinate s. The radiative heat flux to the element is calculated over the entire solid angle and all wavelengths, as follows:
To calculate the radiative heat flux, 648 rays focusing on the surface of the reentry capsule emitted in all directions are defined as shown in Fig. 4 . In the analysis case, the ray corresponds to a one-dimensional coordinate s, i.e., θ = 0. The radiative transport equation is integrated for all rays over spatial and wavelength regions. The absorption coefficients and blackbody function are obtained using the structured package for radiation analysis (SPRADIAN v1.5-PL4) [33] based on the flow field simulation results. In this calculation, radiation calculation is uncoupled with flow field simulation.
Computational Conditions
The computational grids for cases of 52.0 km, 57.9 km, and 64.0 km altitudes of Hayabusa SRC, the HVRC without rigid flare, and the HVRC with rigid flare are shown in Figs. 5(a), 5(b), and 5(c), although different grid systems are used at each altitude. We use structured grid systems for each analysis. The numbers of computational nodes in the grids are 100 × 202 (axial × radial) for Hayabusa SRC, 150 × 202 for the HVRC without rigid flare, and 100 × 362 for the HVRC with rigid flare, respectively. Aerodynamic heating for the case of the HVRC without a rigid flare is expected to be more severe than that for the case of the HVRC with a rigid flare because of the higher reentry velocity at the same altitude and atmospheric density. This is the reason for which the number of grid points in the axial direction of the HVRC without the rigid flare is set to be larger than that of the HVRC with the rigid flare. For boundary conditions, at the inflow, the freestream parameters are given, following the trajectory data shown in Figs. 3(a) , 3(b) , and 3(c). At the outflow, all of the flow properties are determined by the zeroth order extrapolation. The non-slip condition for the velocity is imposed at the wall surfaces. The finite catalytic condition is expressed as follows:
where D i , C i , M i , and n are the effective diffusion coefficient of species i, mass fraction, molar mass, and coordinate in the normal direction to the wall surface, respectively. k and N A are the Boltzmann constant and the Avogadro constant, respectively. In this study, the catalytic coefficient γ, which is generally a value between 0 and 1, is set to 1. Thus, the fully catalytic condition for the mass concentration is imposed on the surface here. None of the pressure gradients is assumed to be normal to the wall. The translational, rotational, and vibrational temperatures are fixed at the wall and are set to 300 K as a cooling wall condition. The electron temperature is assumed to be adiabatic at the wall. An axisymmetric condition is imposed along the symmetry axis. The present calculations for Hayabusa SRC, the HVRC without rigid flare, and the HVRC with rigid flare are performed for five cases that include altitudes at which peak aerodynamic heating occurs. The input parameters such as freestream velocity, density, and temperature are set according to the flight conditions as listed in Tables 2, 3 , and 4. The degree of ionization at the inflow is always set to a small value, 10 −10 . We perform a study of grid independencies using fine computational grids for Hayabusa SRC and HVRCs, as shown later. In the study, we show that the proposed computational grids are sufficiently convergent for heat-flux prediction.
Results and Discussion

Comparison of Surface Temperature
Hayabusa SRC had no on-board instruments to measure the high-enthalpy flow properties in the shock layer. On the other hand, on the ground, optical observation for the Hayabusa SRC fireball during atmospheric reentry was achieved by Fujita et al. [34] . The spectrum of grey-body radiation of the Hayabusa SRC surface using a charge-coupled device camera was observed. Then, the surface temperature was evaluated with the measured spectrum and numerical fitting with the blackbody radiation [2] . Because Hayabusa SRC was coated with an ablator heatshield on the surface, a thermal-response analysis of the ablator is required to predict the surface temperature. We conduct a one-dimensional analysis of the ablator heatshield of Hayabusa SRC. The analysis models, i.e., physical model and numerical model, are the same as those proposed by Potts [35] . The governing equations are the mass conservation of resin, momentum conservation of pyrolysis gas, and the energy conservation of pyrolysis gas and char. In this analysis, we consider the input convective and radiative heat fluxes for the cold-wall condition along the capsule-reentry trajectory, and we can obtain the temperature distribution, mass-flow rate of pyrolysis, and sublimation gases in the ablator. As mentioned above, we calculate these heat fluxes using the Detra-Kemp-Riddell [9] and Tauber-Sutton models [10] . We also obtain the thermochemical properties of the ablator according to Potts's work [35] . Figure 6 shows profiles of the surface temperature at an altitude, in addition to the convection and radiation heat fluxes. The figure also includes the surface temperature, which was measured using the ground-observation technique. The predicted surface temperature, which is based on the two heat-flux models, shows good agreement with the measured temperature. Thus, it is reasonable to use the heat-flux models to predict the aerodynamic heating at the stagnation point of Hayabusa SRC.
Hayabusa SRC
The CFD prediction model, which can correctly reproduce the aerodynamic heating environment around Hayabusa SRC [1, 2] , may also be effective for the prediction of HVRCs with/without a rigid flare. The empirical models, the Detra-Kemp-Riddell and TauberSutton models, which are used to evaluate the heat fluxes, are frequently used when designing reentry capsules. These empirical models were the design tools used to create Hayabusa SRC, and they show reasonable performance in the prediction of aerodynamic heating at stagnation. Therefore, as mentioned above, we expect that a comparison of the CFD approach with the empirical models should be one of the benchmarks that indicate whether the solution obtained by CFD is reasonable, although the comparison may be indirect. Figure 7 shows a comparison of convective and radiative heat fluxes at the stagnation point of Hayabusa SRC between the empirical models and the present CFD model. The convective and radiative heat fluxes predicted using the CFD approach are in good agreement with those obtained using the empirical models. In particular, the CFD approach can accurately reproduce heat fluxes at low altitude, where the air density is high and the flow field is close to the thermochemical equilibrium state. On the other hand, the results indicate that the radiative heat flux by the CFD is slightly overestimated at high altitude, where the air density is low. This can be attributed to uncertainty in the thermochemical nonequilibrium models, such as internal energy exchange models and chemical reaction models.
The distribution of the convective and radiative heat fluxes along the surface of Hayabusa SRC at an altitude of 52.0 km is shown in Fig. 8 . At the front heat shield, the convective and radiative heat fluxes are 12.3 MW/m 2 and 1.0 MW/m 2 , respectively. Convection is dominant at this altitude. On the other hand, at the rear of the capsule, the convective and radiative heat fluxes are 0.16 MW/m 2 and 0.4 kW/m 2 , respectively. The total heat flux at the rear is less than 2% of that at the front. It was implied that the heat shield at the rear might not have been exposed to strong aerodynamic heating during the actual reentry phase; the result in this analysis shows that this conclusion is reasonable based on the tendency obtained for Hayabusa SRC flight. However, because ablation injection during actual reentry of Hayabusa SRC occurred [36] , we believe that enhancement of radiation by ablation gas in the shock layer and wake region occurred. Because the heat flux distribution on the surface under the cooling wall condition is an important design parameter, ablation analysis is not treated in the present model. There are several uncertainties that inhibit the development of physical and numerical models related to ablation. In addition, the numerical cost tends to become large because of the increase in the number of chemical species (and therefore, the chemical reactions) that must be considered. Therefore, analyzing the ablation gas in the flow field remains an object of future study, although we require an analysis coupled with the flow field when predicting the aerodynamic heating more accurately.
HVRC without Rigid Flare
As described in the comparison of the trajectory data (Fig. 3) , aerodynamic heating around the HVRC without a rigid flare is the strongest of the three cases considered here; this is caused by its ballistic coefficient and reentry velocity. Figure 9 shows heat fluxes of convection and radiation at the stagnation point of the HVRC without a rigid flare for both the empirical models and the CFD approach. The convective heat fluxes computed using CFD are similar to those computed using the empirical model at low altitudes, whereas there appear to be discrepancies at high altitudes. Radiative heat flux calculated using CFD underestimates that by the empirical model, although predictions made using CFD and empirical approaches agree well at other altitudes.
Convective and radiative heat flux distributions along the surface of the HVRC without a rigid flare at an altitude of 57.9 km are shown in Fig. 10 . At the front of the capsule, the convective and radiative heat fluxes are approximately 18.6 MW/m 2 and 12.1 MW/m 2 , respectively. Both convection and radiation are significant at this altitude. At the shoulder part of the capsule (s = 240-340 mm), radiation and convection components become nearly equal. This feature near the shoulder does not appear in the analysis of Hayabusa SRC and the HVRC with a rigid flare, as described below. On the other hand, at the rear heat shield, the convective and radiative heat fluxes are 0.48 MW/m 2 and 6.0 kW/m 2 , respectively. The radiation's contribution to the heat flux at the rear side significantly descreases. The total heat flux at the rear is less than 2% of that at the front. The distributions of convective heat flux of the HVRC without a rigid flare are similar to those of the Hayabusa SRC; significant enhancement of radiation is a feature in the aerodynamic heating environment around the capsule.
The axial profiles of the temperatures and the mole fractions along the center axis of the HVRC without a rigid flare at an altitude of 57.9 km are shown in Figs. 11(a) and 11(b) , respectively. In the shock wave, temperatures are completely separated into the translational, rotational, vibrational, and electron modes, and a strong nonequilibrium region appears. In particular, the translational temperature reaches approximately 70,000 K due to the very high velocity. The electron temperature increases upstream of the shock wave. This is mainly because the thermal conductivity of the electrons becomes relatively high in the region of the low electron density, and there is heat conduction from the shock layer. The rotational and vibrational temperatures increase because of relaxations with the translational energy mode in the shock wave. Molecules are almost dissociated, and we adopt a two-temperature model following the switching model of the multi-temperature model. In the region where the number of molecules becomes low (x ≥ −9 mm), rotational and vibrational energies that are proportional to the molecule densities also become low, and then, these energy modes have a small impact on the flow field. Rapid dissociation reactions of the molecular nitrogen and the molecular oxygen occur across the shock wave. On the other hand, the equilibrium region is the region in which the temperature is also equilibrated behind the shock wave. In the equilibrium region, ionized gas such as charged atomic nitrogen and electrons, and atomic nitrogen are dominant. Because of the high reentry velocity, even at low altitudes, a large number of electrons is generated in front of the HVRC without a rigid flare. Thus, radiation is generally enhanced at all altitudes. This tendency for the radiation effect to become stronger can be reproduced by the CFD in a similar fashion to that when using the empirical model. Because the electron temperature reaches approximately 13,300 K in the equilibrium region of the high-density shock layer for the case of the HVRC without a rigid flare, dominant ionization reactions become electron-impact ionizations in the CFD approach, as follows:
The electron-impact ionization continuously creates electrons via the avalanche process. Thus, radiation, which is strongly affected by electron temperature and electron density, can be rapidly enhanced when exceeding a certain threshold of reentry velocity and density of air. Note that the electron-impact ionizations prominently occur at an altitude of 71.8 km in the CFD results. Figures 12(a) and 12(b) show distributions of the electron temperature and the density of electrons, respectively, around the HVRC without a rigid flare at an altitude of 57.9 km. The electron-number density in Fig. 12(b) is represented with a logarithmic scale. The distribution of the gradient-length local Knudsen number [37] around the HVRC without a rigid flare at an altitude of 57.9 km (Fig. 13) is defined by Using the mean free path λ, the equation can be rewritten as
The maximum value in the legend of the figure (Kn GLL = 0.05) shows a typical continuum breakdown value. The local Knudsen number along the shock wave in front of the reentry capsule is high. When plasma flows into the wake region from the shoulder part of the capsule, the compressed gas is rarefied and cooled behind the aft of the capsule. However, the local Knudsen number in the region is of the order of 10 −3 except for these limited regions. Therefore, the continuum assumption is expected to be sufficiently justified. Although the flow is in supersonic expansion in the wake, electrons are recombined at a slow rate and a large number of electrons remains near the capsule surface behind the shoulder. Thus, radiation does not rapidly become weak near the shoulder, unlike in the case of Hayabusa SRC. These are the primary reasons why the radiative heat flux is high at the front and shoulder parts for the HVRC without a rigid flare.
In this study, we use the Boltzmann distribution to determine the population of electronic states. On the other hand, it has been reported by Johnston et al. [8, 38] that nonequilibriumlevel population can change the radiative heat flux around the reentry capsule. In particular, the radiative heat flux at the rear of the capsules considering the non-Boltzmann distribution is higher than that considering the Boltzmann distribution. For a more accurate prediction of the heating environment and a safe-side estimation of heat flux for a capsule, it is desirable to consider the non-Boltzmann distribution in high-temperature gas simulations. However, it is necessary to introduce various complicated models, and numerical operation incurs a large computational cost. This issue may be the focus of future works. 
HVRC with Rigid Flare
A comparison of heat fluxes at the stagnation point of the HVRC with a rigid flare between the empirical models and CFD is shown in Fig. 14 . Similar to the results for Hayabusa SRC, the results computed using the CFD approach reproduce those of the empirical models, except in the case of an altitude of 75.8 km. However, it should be noted that there appear to be slight discrepancies between the two methods; the convective heat flux at a high altitude and radiative heat flux at all altitudes via CFD tend to overestimate those via empirical models. From the results of the HVRC with a rigid flare in addition to Hayabusa SRC and the HVRC without a rigid flare, it is indicated that the present CFD and the empirical models have different performance when predicting aerodynamic heating at a higher altitude, where a nonequilibrium flow field becomes dominant. At present, it is difficult to validate the physical models used here in a high-velocity, low-density environment. To solve this problem, uncertainty analysis of the physical models can become an effective method. Moreover, in the present calculation, radiative heat flux is calculated based on the converged solutions from a flow-field solver, whereas the two-way coupling calculation of radiation with flow-field analysis is not performed. According to Fujita's work [2] for Hayabusa SRC, the coupling calculation between radiation and flow-field reduced heat flux on the surface of the capsule. To allow more accurate prediction, the introduction of radiation coupling may be required.
Tendencies of convective and radiative heat fluxes between the CFD approach and the empirical models are significantly different at an altitude of 75.8 km. Strong electron-impact ionization reactions occur in the present CFD approach at this altitude, whereas the reactions occur less often in the CFD result at an altitude of 86.0 km. Because a large number of electrons is generated by the reactions, radiative heat flux increases. On the other hand, because the temperature gradient in the shock layer decreases (because of transfer from thermal energy to chemical energy by the reactions), the convective heat flux decreases. At an altitude of 86.0 km, the computed result of the convective heat flux overestimates the empirical result. The Detra-Kemp-Riddel method that is used herein was constructed based on the continuum flow assumption. In Eq. (2), which is an expression of the DetraKemp-Riddel method, no thermochemically nonequilibrium is considered. We believe that the difference between the results obtained by the CFD technique and the empirical methods is due to the thermochemical nonequilibrium models. Note that the global Knudsen number using the diameter of 0.66 m as the characteristic length is of the order of 10 −2 for the case at an altitude of 86.0 km, and the flow field is confirmed to be sufficiently continuum. Figure 15 shows the distribution of the convective and radiative heat fluxes along the surface of the HVRC with a rigid flare at an altitude of 64.0 km, at which aerodynamic heating reaches its peak value during reentry. The heat flux profile at the front of the capsule is similar to that of Hayabusa SRC. At the front of the HVRC with a rigid flare, convective and radiative heat fluxes are 9.2 MW/m 2 and 5.3 MW/m 2 , respectively. On the other hand, at the rear, the convective and radiative heat fluxes are 0.26 MW/m 2 and 10 kW/m 2 , respectively. Although the ratio of radiation to total heat flux is large compared the the result of Hayabusa SRC, the total heat flux at the rear is approximately 2% of that at the front, which is similar to the HVRC without a rigid flare.
Although air density is low at an altitude of 64.0 km, an equilibrium region appears in the shock layer because of the high reentry velocity; gas temperature in the region is approximately 12,500 K at this altitude. In addition, dissociation and ionization reactions rapidly proceed in the shock layer. Figures 16(a) and 16(b) show the axial profiles of temperatures and mole fractions along the center axis of the HVRC with a rigid flare at an altitude of 64.0 km. Trends of the temperatures and mole fractions are very similar to those obtained for the case of the HVRC without a rigid flare, although the thickness of the shock layer increases because of the low freestream density at a higher altitude. A strong nonequilibrium appears across the shock wave, while an equilibrium region is created in the shock layer. The mole fraction of electrons is approximately 0.22 in the equilibrium region at an altitude of 64.0 km; this is mainly caused by electron-impact dissociation and ionization reactions. High electron temperatures and a high degree of ionization enhance radiation intensity for the HVRC with a rigid flare. D'Angola et al [39] reported that the first Chapman-Enskog approximation (used in this study) has increased errors in the high temperature region (defined as gas temperatures of over 10,000 K). Thus, more accurate transport models, such as a higher order Chapman-Enskog models, remain to be introduced in future work.
Figures 17(a) and 17(b) show the distributions of electron temperature and number density of electrons around the HVRC at an altitude of 64.0 km, respectively. Note that the electron number density is represented in a logarithmic scale. The electron temperature is 12,500 K in the shock layer, and then, decreases to approximately 8,000 K throughout the wake region. The number density of electrons is also kept high in the wake, because insufficient recombination reactions between electrons and heavy particles occurs. On the other hand, at the aft of the capsule, the electron density is rarefied because of expansion when inflowing at the rear. Figure 18 shows the distribution of the gradient-length local Knudsen number around the HVRC with a rigid flare at an altitude of 64.0 km. Similar to an HVRC without a rigid flare, the local Knudsen number in the limited regions near the shock wave and in the wake region partly exceeds the breakdown parameter, whereas the local Knudsen number around the capsule except for these regions is of the order of 10 −2 . It is shown that this rarefied gas region is slightly larger than that of the HVRC without a rigid flare (see also Fig. 13 ). Because radiation intensity strongly depends on electron temperature and electron number density, radiation emitted from the aft gas decreases, which is the reason the radiative heat flux is low at the rear of the capsule (as discussed above). This reduction of aerodynamic heating at the rear is expected to become an advantage for capsules with a When the flow field around the reentry capsule is fully turbulent, unsteady flow and a three-dimensional structure can appear in the rear region, and they can drastically change the aerodynamic hearing situation on the aft surface. However, because the Reynolds numbers of the three reentry capsules are approximately 10 5 at peak aerodynamic heating altitudes, the flow fields are expected to be laminar or partly turbulent. In fact, a fully turbulent flow may appear at lower altitudes, while the turbulence does not affect the aerodynamic heating, but the aerodynamic characteristics, because the reentry capsules are sufficiently decelerated. We considered that the assumption of the axisymmetric two dimension and the steady flow used in this study are justified for the prediction of aerodynamic heating.
Grid Study
To investigate the independency of the computational grids used in this study, we perform grid studies at altitudes of 52.0 km for Hayabusa SRC, 57.9 km for the HVRC without the rigid flare, and 64.0 km for the HVRC with the rigid flare. We use fine computational grids with node numbers of 200 × 356 for Hayabusa SRC, 250 × 395 for the HVRC without the rigid flare, and 200 × 703 for the HVRC with the rigid flare, respectively. Comparisons of convective heat fluxes at the stagnation point of Hayabusa SRC, the HVRC without the rigid flare, and the HVRC with the rigid flare, are shown in Table 5 , 6, 7, respectively. Errors in the heat fluxes for cases using the present and fine grids are within the range of several percentages. Figures 19(a) and 19(b) show comparisons of temperatures along the stagnation line of HVRCs for cases using the present and fine grids. The temperatures profiles for the present and fine grids cases are closely agree. Although figure for Hayabusa SRC is not shown here, it is confirmed that differences between temperatures profile for the present and fine grids is not almost appear. Considering that temperature distribution in the equilibrium region has large impact on the radiation intensity, this result of comparisons indicate that radiative heat fluxes for reentry capsules are also sufficiently convergent. Table 7 : Grid sensitivity for HVRC with the rigid flare between present and fine grids. 
Aft Shell Heating
In the design and development of the Hayabusa SRC, the heat flux at the aft of the capsule was set to be 10 % of that at the stagnation point. An excess margin for the heat resistance against aerodynamic heating was possibly ensured. In the present study, it is indicated that heat fluxes at the aft of the HVRCs and the Hayabusa SRC are approximately 2 % of that at the stagnation points. These findings are effective in reducing the weight of the heat shield at the back shell ablator of the reentry capsules. On the other hand, however, we should admit that the present analysis model does not indicate the reasonability of the heat flux prediction at the capsule rears with model validation because it is very difficult to reproduce an aerodynamic heating environment generated by a high-velocity flow of 15 km/s using ground-based wind tunnels. In addition, there is almost no data available for comparison and validation of the analysis model. Needless to say, these are the important issues in addition to the formulation and validation of ablator and radiation models.
Conclusions
Two HVRCs were proposed based on the actual properties of Hayabusa SRC. One of the HVRCs was designed to achieve low ballistic coefficient flight with an attached rigid flare on the capsule edge. The other HVRC was designed to use the configuration of Hayabusa SRC without changes based on aerodynamic data obtained during the Hayabusa mission. The maximum reentry velocities of Hayabusa SRC and the HVRCs were 12 km/s and 15 km/s, respectively. Analyses of aerodynamic heatings for Hayabusa SRC and high HVRC without/with a rigid flare were performed for several altitudes using a CFD approach. Both the convective and radiative heat fluxes for Hayabusa SRC and the HVRC without/with a rigid flare via the CFD approach were in good agreement with results from empirical models used in the phases of design and development of the reentry capsule. However, it was clarified that the tendencies of heat flux profiles between the CFD and the empirical models are different at the altitude at which the electron-impact ionizations strongly occur. For both of the HVRCs, it was indicated that the ratio of convective heat flux to radiative heat flux was on the same order as at its front heat shield side, whereas radiation decreased at the rear region. At the peak aerodynamic heating altitude, the total heat flux of the HVRC's rear heat shield was approximately 2% of that at the front. However, there were large differences in aerodynamic heating between the HVRC with and that without a rigid flare, because of the ballistic coefficients.
The present analysis model was constructed based on the concept of predicting the heat flux for a cooled temperature wall condition at the initial stage of design and development of reentry capsule. Thus, ablator gas analysis and radiation coupling with flow field simulation were not introduced. For a more accurate prediction of aerodynamic heating, it is essential to include related models in the present analysis model. In addition, the reentry velocity of the HVRC is significantly higher than that of the Hayabusa SRC. An increase in the reliability of the analysis model is required; this can be achieved through comparison and validation with experiments, e.g., in an expansion tube or an arc-heated wind tunnel.
